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Abstract 
The interaction of the fundamental S0Lamb mode with adhesive joint considered between GFRP composite 
laminate and aluminium was studied through numerical modelling carried out using FEM. The numerical 
simulations were carried out by exciting the fundamental A0 Lamb mode at metal end in the frequency range of 
150- 225 kHz by varying the adhesive orientation in the range of 1 in 20 to 900.When S0 Lamb mode interacts with 
adhesive, reflection, transmission and generation of A0 takes place. The incident S0and generated A0 modes 
propagate in the model as S0S0 and S0A0 modes. The ToF of reflected and transmitted S0S0 and S0A0 modes at 
receiving points were calculated analytically and compared with those obtained from numerical simulations. 
Further, RF and TF of Lamb modes S0S0 and S0A0 propagating through the sample were estimated. It is observed 
that, RF and TF values are depending on the adhesive orientation and the excitation frequency. The detailed study 
on variation of RF and TF was made by exciting at metal and composite end with excitation frequency in the above 
range. Further, It was found that, scattered (transmitted and reflected) S0S0 and S0A0 Lamb modes are sensitive to 
the adhesive and hence, it can be used for detection of disband in metal-composite adhesive joint 
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Nomenclature 
Cp Phase Velocity, m/s 
Cg Group Velocity,m/s 
E  Youngs Modulus, MPa 
ν Poisson’s Ratio 
ρ  Density, kg/m3 
2D Two Dimensional 
FEM  Finite Element Method 
GFRP   Glass Fiber Reinforced Plastic 
NDE Non Destructive Evaluation 
UD Uni Directional 
RF  Reflection Factor 
TF  Transmission Factor 
HT  Hilbert Transform 
FFT  Fast Fourier Transform 
ToF Time-of-Flight, µs 
S0 Symmetric Lamb Mode 
A0 Antisymmetric Lamb Mode 
S0S0 Scattered S0 Lamb mode for S0 Lamb mode Excitation 
S0A0 Scattered A0 (Converted) Lamb mode for S0 Lamb mode Excitation 
1. Introduction 
The real challenge for the industry is to make parts, assemblies and machinery lighter and more efficient. 
Aluminum and composite materials are being used more and more due to their excellent properties like high 
specific strength, high specific stiffness and low weight as an alternative to ferrous materials, which are heavy. 
Adhesive bonding is more attractive for joining metal and composites and has been used in engineering for many 
years, especially in aerospace industry due to numerous benefits, which include distribution of stress over the 
entire bond area hence avoiding stress concentration which is more common in mechanical fasteners and avoiding 
high temperature welding and brazing [1]. In addition, adhesively joined structures exhibits a higher structural 
integrity, improved corrosion performance and broader design possibilities. 
The increased usage of adhesive joints pushed the structural designers for more reliable inspection techniques 
that will allow health monitoring of an adhesively bonded structure without damaging the structural integrity of the 
tested specimen. Since the conventional ultrasonic methodologies are ineffective in interrogating large bonded 
areas, a new methodology, which uses guided Lamb waves to characterize adhesive bond properties, is being 
employed in recent years [2]. The Lamb wave based damage identification technique is advantageous because it is 
able to inspect a large structure in a short time with high identification precision. Further, the Lamb wave based 
damage detection is very sensitive to small damage and able to detect both surface and internal damage. The lamb 
waves are highly dependent on wavelength and frequency, and propagating Lamb wave can only exist at specific 
combination of frequency, wave number and attenuation. Therefore, this method requires sophisticated signal 
processing due to complex appearance of wave signals [3]. 
 L.J. Jacobset al [2] have studied the effect of bond stiffness on the dispersion curves of two specimens with 
same adhesive bond i.e., a bare aluminium plate with a bond on one side referred to as the tape specimen and two 
aluminium plates joined with an adhesive bond referred to as the bond specimen. The results revealed that, the 
modes excited and measured in the bond specimens are always identical to the dispersion curves of a single plate 
and also the number of modes measured in a bond specimen is always less than that measured in a single and stress 
free plate. Lowe and Cowley [4] analysed the sensitivity of adhesive bond properties on guided waves using three 
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layered model and showed that, lamb wave are strongly sensitive to the material properties and thickness of the 
adherend while being very insensitive to the properties of the adhesive bond. Jacobs LJ et al [5] used the analytical 
and computational models to develop a quantitative understanding of the propagation of guided lamb wave in two 
and three layer adhesive bonded components.  The model indicates that, only modes in the vicinity of the single 
aluminium plate modes have substantial displacement both in plane and out of plane on the surface of the 
aluminium adherend. Francesco Lanza di Scalea et al [6] studied the propagation of ultrasonic guided waves in 
adhesively-bonded lap-shear joints and concluded that, A0 mode is a good candidate for such an inspection because 
of the ease of transduction associated with the predominant out-of-plane displacements and also found the mode 
conversion effects in the overlap region. Rokhlin et al. [7] has studied analytically and experimentally and Lowe et 
al. [8] investigated the inspection of adhesive bond by numerical method and concluded that, various features of 
the transmitted wave including phase velocity and amplitude, can be used as indicators of bond quality. The 
Rokhlin’s experimentally examined the S0 at various excitation frequencies. The numerical work by Lowe et al. 
predicted the overlap length and bond thickness as a function of the wave transmission coefficients across the joint 
and predicted the transmission coefficients for the incident S0, A0 and A1 modes as a function of bond geometry. 
Predictions on mode conversion effects at the overlap edges were also made for S0 mode incident on a fully cured 
bond. Building on the studies by Rokhlin [7] and Lowe et al. [8], the present investigation is aimed at predicting the 
interaction of the A0 with aluminium lap-shear joints. The main emphasis of the investigation is to examine the 
strength of transmission of A0 as a function of different bond states and in the light of mode conversions in the 
overlap. Ramadas et al. [9] studied the interaction of Lamb wave mode with metallic beam containing semi-infinite 
crack and concluded that, when Lamb wave propagating in a sub beam encountered the edge of a semi infinite 
horizontal crack in metallic beam, reflection, transmission into main beam and sub beam takes place. The new term 
Turning Lamb Mode has introduced for the Lamb mode transmitted from one sub beam to the other. Adrian Cuc 
has extensively worked on new approach to structural health monitoring of adhesively bonded joints using small, 
unobtrusive piezoelectric wafer active sensors which are permanently affixed on the surface of the structure [10]. 
Rose et al. used the ultrasonic guided waves for NDE of adhesively bonded structures [11]. They developed a 
double spring hopping probe to introduce and receive Lamb waves. This method was used to inspect a lap splice 
joint of a Boeing 737-222 aircraft. Lowe and Cawley studied the applicability of plate wave techniques for 
inspection of adhesive and diffusion bonded joints [12].  
 The comprehensive literature review reveals that, no work appears to have been reported on the transmission 
and reflection of guided Lamb waves through metal composite adhesive joint. Therefore, the present investigation 
is oriented towards investigating quantitatively, the reflection of Lamb wave (S0 mode) from and transmission 
through, the adhesive joint considered between GFRP composite laminate and aluminium metal. The waves are 
generated at the adhesive joint and the reflection & transmission of the Lamb modes, interaction of lamb wave 
with adhesive were observed by placing the sensors at the upper surface of the model. The A0 mode is used in the 
present analysis, since it is attractive in ultrasonic NDE applications due to the associated predominance of out-of-
plane displacements over in-plane displacements. It is generally easier to generate and detect out-of-plane 
displacements with conventional ultrasonic transduction methods 
2. Numerical Modelling  
The 2D numerical simulations were carried out using ANSYS, on a UD GFRP composite joined to aluminium 
metal by adhesive material as shown in Fig.1 
 
 
Fig. 1.Geometry of sample considered in the present investigation 
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The ply stacking sequence in the composite laminate was unidirectional with the thickness of each ply 0.33 mm 
and eight plies [08] were used. Therefore, the total thickness of the laminate is worked out to be 2.64 mm. The 
adhesive material with thickness 0.25 mm was used to join the composite and metal of 300 mm length each. The 
properties of the materials used for numerical modelling are listed in Table.1. 
Table.1.Properties of GFRP, Aluminium and Adhesive 
Material 
 
E11 
(GPa) 
E12 
(GPa) 
E13 
(GPa) 
υ11 υ12 υ13 
G11 
(GPa) 
G12 
(GPa) 
G13 
(GPa) 
ρ 
(kg/m3) 
GFRP 44.68 6.90 6.90 0.280 0.355 0.288 2.54 2.54 2.54 1900 
Aluminium 70             --            -- 0.350            --            -- --               --              -- 2700 
Adhesive 2.5            --            -- 0.300            --            -- --                --             -- 1200 
 
The higher order 2D, 8-node PLANE183 element with two translatory degrees of freedom at each node was 
used in the present FE modelling. In order to characterize the Lamb wave scattering due to damage accurately, a 
fine mesh was considered. It has been demonstrated that, at least 10 nodes per wavelength of the Lamb wave can 
guarantee good accuracy[6].The time step for dynamic calculation must be less than the ratio of the minimum 
distance of any two adjoining nodes to the maximum wave velocity (often the velocity of the So mode) [1]. Based 
on this, the size of element selected across the thickness, along the length and time step were 0.165 mm, 0.25 mm 
and 50 ns, respectively. The phase velocity ‘Vp’ and group velocity ‘Vg’ for 2.64 mm thick model are listed in 
Table.2.All degrees of freedom of the sample were fixed at one end and the excitation pulse is given at the other 
end, the initial velocity and initial displacement at all nodes were given zero. There should be at least one point 
with fixed displacement to have non-singular stiffness matrix. It may be noted that, it needs at least two initial 
conditions for a transient analysis, one for the displacement and the other for the velocity. This is because the 
equations governing the wave propagation phenomena are 2ndorder partial differential equations 
Table.2. Velocity of fundamental Lamb wave mode 
Material 
150 kHz 200 kHz 225 kHz 
S0 Mode (m/s) A0 Mode (m/s) S0 Mode (m/s) A0 Mode (m/s) S0 Mode (m/s) A0 Mode (m/s) 
Aluminium 5395 2751 5338 2915 5320 2950 
Composite(GFRP) 4800 1114 4750 1156 4762 1157 
 
The simulations were carried out for various orientations of the adhesive i.e. 900, 750, 600, 450, 300, 150, 1 in 20 
by exciting at S0 Lamb mode at various exciting frequencies of 150, 200 and 225 kHz. Two excitation cases i.e. 
excitation on the composite end and excitation on the metal end have been attempted. In each case, the excitation 
was given at x=0 (composite end) and at x =600.25 mm (metal end) respectively and no damping was considered 
in the numerical model.  The methodology adopted for simulation of propagation of S0 Lamb mode at 150 kHz 
frequency is described as follows. The excitation pulse had a central frequency of 150 kHz with five cycles, 
modulated using Hanning window function with S0 mode. To excite a particular Lamb mode in a given laminate, it 
is necessary to give a specific displacement pattern, which is obtained by solving dispersion equation. The 
displacement pattern to excite a given Lamb mode depends on the excitation frequency and orientations of plies 
and their sequence. The dispersion curve plotted between phase velocity and excitation frequency and the 
displacement pattern for S0 Lamb mode [O8] for a GFRP laminate is shown in Fig. 2(a). 
 This displacement pattern shown in Fig. 2(b) was applied using constraint equations. The out-of-plane and in-
plane displacement profiles, for 150 kHz frequency, were fed in numerical simulations through the set of constraint 
equations given in Table 3.The location of the nodes is as shown in Fig. 3. The node number at (0,0) is denoted by 
n at which the excitation pulse is given. 
 Constraint equations have been used to couple the degree-of-freedom between various nodal points as shown in 
Fig. 3. When the excitation was given at node ‘n’ (0, 1.32 mm), and other nodes across the thickness will also 
undergo deformation as a function of time.  
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(a) (b) 
Fig.2. (a) Dispersion curves (b) Displacement pattern for S0 Lamb Mode at 150 kHz 
 
Table.3.The out-of-plane and in-plane displacement profiles, for 150 kHz frequency 
 
Out of plane displacement In plane displacement 
1.3427 (n) ux- 1.34305 (n+1) ux= 0 0.0202  (n) uy+ 1.34305 (n+1) ux= 0 
1.3417 (n) ux- 1.34305 (n+2) ux= 0 0.0402  (n) uy+ 1.34305 (n+2) ux= 0 
1.3400 (n) ux- 1.34305 (n+3) ux= 0 0.0600  (n) uy+ 1.34305 (n+3) ux= 0 
1.3377 (n) ux- 1.34305 (n+4) ux= 0 0.0794  (n) uy+ 1.34305 (n+4) ux= 0 
(n+1) ux - (n-1) ux = 0 (n+1) uy + (n-1) uy = 0 
(n+2) ux - (n-2) ux = 0 (n+2) uy+ (n-2) uy = 0 
(n+3) ux - (n-3) ux = 0 (n+3) uy + (n-3) uy = 0 
(n+4) ux - (n-4) ux = 0 (n+4) uy + (n-4) uy = 0 
 0(n)ux+(n) uy = 0 
 
 
Fig.3. Location of nodes across thickness at excitation frequency 
3. Data Analysis 
Receivers were positioned at various positions to capture in-plane and out-of-plane displacement time histories of 
reflected and transmitted wave group. The Fig.4 shows in-plane component time histories at various locations for 
the S0 Lamb mode excitation at the excitation frequency 200 kHz when the orientation of the adhesive was 60
0.  
The response is taken at the location x = 150 mm and at x = 450 mm to study the reflection characteristics and 
transmission characteristics, so that, both reflected and transmitted S0 mode and converted reflection and 
transmission Lamb mode can be seen clearly. In-plane displacement component time histories at x = 150 mm and 
450 mm, when the orientation of the adhesive was 600 are shown in Fig. 4 and 5. 
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Fig.4. In-plane displacement time histories at various location at 200 kHz, for an angle θ=600 
 
 
 
(a) (b) 
Fig.5. In-plane displacement time histories at a) x = 200 mm b) 450 mm, for an angle θ=600 
 
The Hilbert Transform was carried out on each signal, captured at x = 150 mm and 450 mm [11]. The peak of 
Hilbert Transform was taken as the representative time of arrival or ToF of that wave group. Further, the ToF of 
the Lamb mode was estimated using group velocity obtained from characteristic equation given in Table. 2. The 
arrival times from numerical modelling and that estimated using group velocity were approximately equal. The 
comparison of wave group arrival times from A-scans and analytical estimates is mentioned in Table.4. The arrival 
times from numerical modelling and characteristic equation were found to be approximately equal. In addition, 
Fourier transform of the received signals captured at x = 150 mm and 2450 mm was carried out. The peak of 
amplitude of each signal was at its central frequency of excitation. These two checks ensured the mode of 
propagation S0. 
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Table.4. Wave arrival times in micro second at 200 kHz for S0 Mode excited at Metal end 
 
Receiver 
location 
(mm) 
Lamb 
Mode 
150 kHz 200 kHz 225 kHz 
Estimated 
Time (μs) 
 
A- Scan 
(μs) 
Error 
%age 
Estimated 
Time (μs) 
 
A- Scan 
(μs) 
Error 
%age 
Estimated 
Time (μs) 
 
A- Scan 
(μs) 
Error 
%age 
150 
S0 44.46 44.500 0.10 40.630 40.60 0.07 39.30 39.350 0.12 
S0S0 100.07 100.30 0.30 96.910 96.80 0.11 95.69 95.800 0.28 
S0A0 126.79 126.95 0.12 119.10 119.55 0.37 118.34 118.10 0.20 
450 
S0S0 103.51 103.70 0.18 99.070 99.96 0.89 99.00 99.930 0.93 
S0A0 206.90 203.20 1.80 119.98 122.47 1.55 197.14 197.81 0.33 
 
The amplitude of the reflected and transmitted wave groups (S0A0and S0S0) were estimated through numerical 
simulations. RF defined as the ratio of amplitude of incident wave to the reflected wave and TF defined as the ratio 
of amplitude of incident wave to the transmitted wave for wave groups, S0A0and S0S0 were listed in Table 3 and 4 
are calculated as the ratio of the amplitude of the reflected wave group to the amplitude of incident wave group and 
the ratio of the transmitted wave group to the incident wave group, respectively, for all adhesive joint angles 
4. Results and Discussion 
The reflection and transmission of S0 and the converted Lamb mode through the adhesive joint considered between 
composite and metal was studied through numerical analysis. Comparative study of RF and TF of S0 Lamb mode 
was carried out by exciting at metal and composite ends. For the joint angle 900, the incident S0 mode at the joint 
undergoes reflection and transmission and propagates as S0S0 mode. Any joint angle other than 90
0, the incident 
S0mode generates A0 which propagates as S0A0 mode in the metal and composite. When the joint angle is 90
0 no 
traces of propagation of the mode converted S0 mode (S0A0 mode) was found. This is due to the fact that, the 
adhesive is located symmetrically with respect to the mid-plane of the joint. The scattered (reflected and 
transmitted) Lamb waves captured on the composite side and metal side are shown in Fig.4 and 5 respectively. 
Variation in RF and TF of S0S0 and S0A0 modes with respect to adhesive orientation is shown in Fig.6 and 7 
respectively.  
 It is clear that, RF of S0S0 mode increased with adhesive orientation and the trend is more or less same in both 
the cases i.e. excitation at metal and composite ends. The increase in RF value is rapid upto 450, reached a 
maximum value at 600 and slightly decreased thereafter for all the frequencies. This indicates that, the reflection of 
S0S0 Lamb mode is less sensitive to adhesive orientation beyond 45
0. The amplitude of incident wave was found to be 
more for the higher frequency and reduced with decrease in frequency. The amplitude of reflected wave is 
relatively more for excitation at metal end compared to that of excitation at composite end beyond 300 orientations, 
but the difference is not significant below 300 as shown in Fig. 6(a). On the other hand, the TF Vs adhesive 
orientation behavior of transmitted S0S0 Lamb mode appears to be similar for excitation at metal and composite 
ends. The amplitude of transmitted S0S0 Lamb wave slightly decreased with increase in adhesive orientation and 
reached a minimum value at 60o and increased slightly thereafter as shown in Fig. 6(b). It may be noted that, the 
transmission of S0S0 Lamb mode is more sensitive to adhesive orientation between 30 and 45
0 compared to other 
orientations. The amplitude of the transmitted S0S0 Lamb mode is 60% for excitation at composite end compared to 
that of excitation at metal end. This could be attributed to inherent discontinuities in composite laminates. 
An attempt was also made to estimate the variation in RF and TF of the mode converted Lamb modes when S0 
was incident for different frequency of excitations. The out-of-plane displacement history was captured to study 
the behavior of S0A0Lamb mode, as the A0 lamb mode has predominant out-of-plane displacement. The behavior 
of transmitted S0A0 Lamb mode appears to be similar for excitation at metal and composite ends. The RF value of 
S0A0 mode increased with increase in adhesive orientation and reached a maximum value at 60
0 for excitation at 
metal end and 450 for excitation at composite end, and then decreased with adhesive orientation. 
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(a)                                                                          (b) 
Fig.6. The variation of (a) Reflection (b) transmission factor SoSo Lamb mode 
 
Fig.7 (a) indicates that, the amplitude of reflected S0A0 Lamb mode is sensitive to adhesive orientation upto 75
0 and 
450 respectively for excitation at metal end and composite end. It may be noted that, the drop in RF for S0A0 Lamb 
mode between 60 and 750 is considerably high when excited at metal end compared to excitation at composite end 
indicating its sensitivity in this range. The amplitude of reflected S0A0 Lamb mode is relatively more for excitation 
at metal end compared to that of excitation at composite end. 
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(a)                                                                          (b) 
Fig.7. The variation of (a) Reflection (b) transmission factor SoAo Lamb mode 
 
The TF Vs Adhesive orientation behaviour of S0A0 mode showed more or less similar trend as that of the reflected 
S0A0 mode when the adhesive angle is more than 30
0 as shown in Fig 7(b). When the orientation of the adhesive is 
less than 300 the amplitude of the transmitted mode is higher than its reflected counterpart. The amplitude of the 
transmitted S0A0 is less sensitive for adhesive orientation less than 30
0 for composite end excitation. It may be 
noted that, while RF and TF Vs Adhesive orientation behaviour of S0A0 mode for excitation at composite end is 
similar throughout the range of orientations, the behaviour, in case of excitation at metal end is bit inconsistent and 
needs to be examined further by conducting set of experiments 
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5. Conclusions 
i. The orientation of the adhesive joint greatly influences the Lamb wave propagation interms of amplitude of 
reflected and transmitted Lamb modes.  
ii. The magnitude of reflected and transmitted lamb mode is higher for 225 kHz and lower for 150 kHz 
excitation frequency.  
iii. The interaction of Lamb waves with adhesive can significantly influence their propagation, accompanied by 
wave scattering effects such as reflection, transmission and mode conversion. 
iv. The RF and TF values for all Lamb modes for excitation at composite end were less than that of the metal 
excitation. This could be attributed to inherent discontinuities in composite laminates.  
v. RF and TF Vs Adhesive orientation behaviour of S0A0 mode for excitation at composite end is similar 
throughout the range of orientations, on the other hand, the behaviour, in case of excitation at metal end is 
bit inconsistent and needs to be examined further by conducting set of experiments.    
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